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E2F UBIQUITINATION DOMAIN . AND ASSAYS FOR INHIBITORS 

OF E2F UBIOUITINATION 

The present invention relates to the interaction of 
transcription factor E2F with ubiquitin, and to assays for 
modulators of this interaction. 

E2F transcription factors control the expression of at least 
three groups of genes that are involved in cell cycle regulation. 
First, E2F sites have been found in the promoter of the immediate 
early gene c-nrvc (Hiebert et al . , 1989; Oswald et al . , 1994). In 
addition, E2F contributes to the regulation of several genes 
whose expression is activated in the Gl phase of the cell cycle, 
including cyclin E, E2F-1 and p!07 (Degregori et al . , 1995; 
Johnson et al . , 1994; Neuman et al . , 1994; Zhu et al. , 1995). 
Finally, E2F contributes to the cell cycle-regulated expression 
of a number of genes that are required during S phase, such as 
cyclin A, dihydrof olate reductase, DNA polymerase a and thymidine 
kinase (reviewed by Farnham et al . , 1993). E2F transcription 
factors are heterodimers that contain one of five related E2F 
polypeptides and one of two DP polypeptides (reviewed by 
Bei jersbergen and Bernards, 1996). 

The activity of the various E2F transcription factors is 
regulated at three different levels. First, the abundance of E2F 
is regulated at the level of transcription. For example, E2F-4 
is the most prominent E2F species in quiescent cells, whereas 
E2F-1 is absent from quiescent cells and is transcriptionally 
induced in late Gl after serum stimulation (Johnson et al . , 1994; 
Sardet et al . , 1995). Second, transactivation by E2Fs is 
negatively regulated by complex formation with one of three 
members of the retinoblastoma pocket protein family, pRb, pl07 
and pl30 (reviewed by Bei jersbergen and Bernards, 1996) . E2F-1, 
2, and 3 interact preferentially with pRb; E2F-4 with pl07 and 
pl30 (Bei jersbergen et al . , 1994; Ginsberg et al . , 1994; Vairo 
et al., 1995); E2F-5 with p!30 only (Hijmans et al-. f 1995). These 
E2F-pocket protein complexes are likely to perform different 
functions during the cell cycle as the timing of their appearance 
differs. Most quiescent cells have one major E2F complex that - 
consists of E2F-4 in complex with pl30 (Chittenden et al . , 1993; 
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Cobrinik et al . , 1993; Vairo et al . , 1995). Exponentially growing 
cells contain significant amounts of free E2F and E2F-pl07 
complexes (Bei j ersbergen et al., 1995; Cobrinik et al., 1993. 
Lees et al . , 1992; Shirodkar et al . , 1992). E2P-pocket protein 
complexes are regulated by phosphorylation of the pocket proteins 
by Gl cyclin/cyclin -dependent kinase (cdk) complexes. pRb can be 
phosphorylated by cyclin D/cdk4 , cyclin E/cdk2 and cyclin A/cdk2 
kinase complexes (Dowdy et al., 1993 ; Ewen et al . , 1993,. Hinds 
et al., 1992). m ..contrast, pi07 is only efficiently 
phosphorylated by cyclin D/cdk4 (Bei jersbergen et al . , 1995). In 
addition, several viral oncoproteins, including adenovirus E1A 
can disrupt E2F-pocket protein complexes through high affinity 
binding to the pocket proteins (Whyte et al . , 1988). A third 
level of regulation of E2F activity concerns the regulation of 
15 DNA binding activity. Krek et al . (1994) have shown that E2F-1 
can interact directly with cyclin A, which results in 
phosphorylation of DP-l in S phase, causing down -regulation of 
E2F DNA binding activity. Down- regulation of E2F in S phase 
appears to be important in cellular homeostasis, as over- 
expression of E2F, or mutants of E2F that resist cyclin A down - 
regulation, can cause apoptosis and transformation (Bei jersbergen 
et al., 1994 ; Johnson et al . , 1994; Krek et al . , 1995; Qin et 
al., 1994; Singh et al., 1994; Wu and Levine, 1994). 

E2F DNA binding sites in promoters can act both as positive 
and negative regulatory elements, depending on the promoter 
context (Lam and Watson, 1993) . The action of E2F sites as 
negative regulatory elements is most readily explained by the 
finding that pocket proteins can mediate active transcriptional 
repression (Weintraub et al . , 1995; Weintraub et al . , 1992). 
Thus, E2F/pocket protein complexes found in quiescent cells may 
contribute to maintaining quiescence through active 
transcriptional silencing of growth factor-activated genes. 

Many of the proteins that contribute to regulation of the 
cell cycle appear and disappear rapidly, often in a cell cycle- 
regulated manner. Degradation of unstable proteins frequently 
involves the ubiquit in-proteasome pathway (Hilt and Wolf, 1996; 
Hochstrasser, 1995; Jentsch, 1992; Jentsch and Schlenker! 199s!- 
Rubin and Finley, 1995) . This system acts by covalent attachment 
of multiple ubiquitin polypeptides to the substrate. Ubiquitin 
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is a highly conserved 76 amino acid protein found in eukaryotic 
cells. Ubiquitination requires the action of three different 
enzymes. A ubiquitin-activating enzyme (El), which binds 
ubiquitin and transfers it to an ubiquitin conjugating enzyme 
5 (UBC or E2) (Haas and Rose, 1982; Pickart and Rose, 1985), which 
in turn may need the assistance of a ubiquitin ligase (E3) to 
attach the ubiquitin residue covalently to the substrate at a 
lysine residue. Each ubiquitin covalently attached to a lysine 
residue of the substrate protein is further ubiquitinated at a 
10 lysine residue in the ubiquitin sequence itself. Multi- 
ubiquitination acts as assorting signal which targets substrates 
for rapid degradation by the proteasome, a complex of proteolytic 
enzymes (Chau et al . , 1989). 

An important link between the ubiquitin-proteasome machinery 
and cell cycle regulation came from the finding that CDC34, a 
yeast gene required for the Gl to S transition, was identical' to 
yeast UBC3, a ubiquitin conjugating enzyme (Goebl et al . , 1994). 
Other substrates of Cdc34 include yeast Gl cyclins and the 
cyclin/cdk inhibitor P 40 si ^ (Deshaies et al., 1995,- Schwob et 
al., 1994; Yaglom et al . , 1995). In mammalian cells, the p27 
cyclin/cdk inhibitor was recently shown to be a degraded in a 
cell cycle dependent fashion by the ubiquitin-proteasome pathway 
(Pagano et al . , 1995). In budding yeast, the S-phase cyclin ClbS 
and the mitotic cyclin Clb2 are ubiquitinated through UBC9 
(Seufert et al . . 1995) and Xenopus mitotic cyclins have also been 
shown to be degraded through ubiquitination (Glotzer et al 
1991) . . . .' 

We report here that E2F transcription factors are unstable 
due to destruction by the ubiquitin-proteasome pathway and that 
their degradation is highly regulated. 



Accordingly, the present invention provides an assay method 
for an inhibitor of transcription factor E2F ubiquit in-mediated 
degradation which method comprises: 

a) bringing a polypeptide which contains a domain which 
35 renders E2F a substrate for ubiquitination into contact 

with a candidate inhibitor; and 
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b) determining whether or not the candidate inhibitor is 
capable of reducing ubiquintinat ion of said polypeptide. 

The polypeptide may be an E2F protein or fragment thereof 
which is capable of binding to a pocket protein or the 
polypeptide may comprise an' indicator polypeptide such as LacZ 

Preferably, the domain which renders E2F a substrate for 
ubiquitination comprises the 63 amino acid C-terminal region of 
E2F-1, or the 138 amino acid C-terminal domain of E2F-4, or 
portion thereof such as the 112 C-terminal amino acids. 

The assay will normally be conducted in a format where the 
polypeptide is expressed in a host cell from a recombinant 
expression vector, such as an expression vector where the 
polypeptide is operably linked to a CMV promoter. 

In one embodiment, a DP-l polypeptide is co-expressed in the 
15 host cell. 

Assays of the invention may be conducted in the presence of 
a proteasome inhibitor. 

In the assay of the invention the determining of whether or 
not the candidate inhibitor is capable of reducing 

20 ubiquintinat ion of said polypeptide may be performed by providing 
ubiguitin and determining the amount of said ubiquitin which has 
been bound to said polypeptide. This may be achieved by 
performing the assay in a host cell which naturally expresses 
ubiquitin or contains an expression vector capable of expressing 

25 ubiquitin. The ubiquitin may be tagged with an epitope capable 
of binding to a monoclonal antibody, such as an HA epitope. 

In another aspect, the invention also provides a vector 
which comprises a nucleotide sequence encoding a truncated E2F 
polypeptide wherein said truncated polypeptide does not contain 
30 a C-terminal domain capable of ubiquitination. One such 
polypeptide is E2F-1 1-374. 
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In a further aspect, the invention also provides an assay 
method for an enhancer of transcription factor E2F ubiquitin- 
mediated degradation which method comprises: 

a) bringing polypeptide which contains a domain which 
5 renders E2F a substrate for ubiquitinat ion into contact 

with a candidate promoter; and 

b) determining whether or not the candidate promoter is 
capable of enhancing ubiquintinat ion of said polypeptide. 

The various preferred embodiments of the assay for 
10 inhibitors described herein may also be used in this further 
aspect of the invention . 

The amino acid sequences of E2F-1 and E2F-4 are shown as 
SEQ.ID NO.l and SEQ.ID No.2 respectively. 

Detailed description of the invention 

15 In the present application, reference to transcription 

factor E2F refers to the family of transcription factors capable 
of forming a heterodimer with a DP- transcript ion factor as 
described by Beijerbergen and Bernards, 1996, (the disclosure of 
which is incorporated herein by reference) and capable of 

20 forming a complex with a member of the retinoblastoma pocket 
protein family, such as pRb, pl07 or pl30. 

E2F proteins are found in mammalian cells. Representative 
of specific members of the E2F family are those members found in 
human cells. For example, human E2F-1 is shown as SEQ ID NO, 1. 
25 Human E2F-2 and E2F-3 are disclosed in, for example, Lees et al 
(1993) Mol. Cell. Biol 13; 7813-7825, the disclosure of which is 
incorporated herein by reference. Human E2F-4 is shown as SEQ 
ID NO. 3. Human E2F-5 is disclosed in, for example, WO/96/25494, 
the disclosure of which is incorporated herein by reference. 

30 E2F proteins from other- species, such as mice, are also 

available or may be cloned using standard methodology known in 
the art per se and by reference to the techniques used to clone 
the human E2F proteins mentioned above. 
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Synthetic variants of the human or other species E2F 
proteins may be used. Synthetic variants include those which 
have at least 80%,. preferably at least 90%, homology to human 
E2F-1 or E2F-4. More preferably such variants correspond to the 
5 sequence of said human E2F-1 or E2F-4 but have one or more, e.g 
from 1 to 20, such as from" 2, 5 or 10 substitutions, deletions 
or insertions of amino acids. 

Such variants will desirably retain one or both of the 
following functional properties: 
10 {i) the ability to cause the E2F protein to undergo 

ubiquitin-mediated degradation as described herein for the 
various specific E2F proteins exemplified; and 

(ii) the ability to bind to a pocket protein. 



Both functional properties may be determined by routine 
experimentation by reference to methods illustrated in the 
accompanying examples. 



The assay method for modulators of E2F ubiquitin-mediated 
degradation is useful in determining candidate substances which 
can influence the progression of the cell cycle. This is because 
E2F is required in cell cycle control and its modulation may 
influence progression or arrest of the cycle or may induce 
apoptosis. Thus modulator substances which are capable of 
reducing or increasing ubiqui tination of E2F will be useful in 
arresting the cell cycle. Such substances will be useful in 
25 research, for example in providing synchronous populations of 
cells. Inhibitor substances may also be of use in medicine for 
example in the treatment of proliferative diseases such as 
cancer. 



The assay may be conducted in any suitable format designed 
to examine the interaction of E2F with ubiquitin. For example, 
the assay could be conducted in an in vitro cell -free system in 
which the polypeptide, inhibitor substance and ubiquitin are 
provided together with other cellular components involved in the 
ubiquitination process. A rabbit reticulocyte lysate may be used 
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as the basis for a cell free system, supplemented with a 
ubiquitin activating enzyme (El) and ATP. 

Preferably however the assay is conducted in a host cell 
which contains an expression vector capable of expressing the E2F 
5 polypeptide. The host Cell- may also contain a further expression 
vector capable of expressing a DP-polypeptide such as DP-l. The 
host cell may also contain a vector capable of expressing 
ubiquitin. Any or all of the polypeptides encoded by the 
expression vectors may include an epitope which is capable of 
10 being detected by a monoclonal antibody. The epitope is 
generally one which is not normally present in the host cell such 
as the HA epitope of influenza virus. 

Where a vector encoding a ubiquitin is supplied to the assay 
of the invention, the ubiquitin encoded by the vector may be any 
suitable ubiquitin compatible with the host cell or in vitro 
assay system being used. For example, various mammalian 
ubiquitins have been characterised. and their sequences may be 
obtained by reference to the published literature, or databases. 
As indicated above, the ubiquitin may be tagged with an epitope 
detectable by an antibody and this epitope may be fused to the 
N- or C- terminal of the ubiquitin. 
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Generally, naturally occuring sequences of ubiquitin will 
be used, for example mammalian, preferably human, although minor 
modifications to the sequences may be made, for example during 

25 the engineering of nucleic . acid encoding ubiquitin into a 
suitable expression vector or fusing such nucleic acid to a 
sequence encoding an epitope some residues may be altered or 
deleted. An example of a vector encoding ubiquitin may be found 
in Treier et al , 1994, the disclosure of which is incorporated 

30 herein by reference. 

The host cell may be any suitable host cell in which 
ubiquitination of E2F can occur. The suitability of host cells 
may be determined by repeating procedures analogous to those 
described in accompanying Examples in a potential host cell and 
35 determining whether ubiquitination of E2F occurs. Suitable host 
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cells include mammalian host cells such as human or murine host 
cells. Other host cells include insect or yeast host cells. 

Although a naturally-occurring E2F protein or synthetic 
variant thereof may be used the assay may be conducted with other 
5 polypeptides such as fusion proteins which retain the domain of 
E2F which renders E2F a substrate for ubiquitination. We have 
found this domain is present in the C-terminal region of E2F 
The experiments described in the accompanying Examples 
demonstrate that this region is contained within the 63 C- 
10 terminal amino acids of E2F-1 although smaller portions of this 
region may also be used provided they retain their substrate 
function. Thus for example a fragment of this 63 amino acid 
region comprising 10, 20, 30, 40 or 50 amino acids may be used 
provided such a fragment retains the ability to render E2F a 
substrate for ubiquitination. The fragment may be a C-terminal 
fragment of the 63 amino acid region or an internal fragment . 
The ability of such fragments to function as a substrate for 
ubiquitination may be tested by routine methods based on the 
accompanying examples or by attaching the fragment to an 
20 indicator protein as described below. 

Similarly, we have found that the 138 C-terminal region of 
E2F-4 may be used, and fragments of this, also of for example 10, 
20, 30, 40, 50, 100, 112 or 120 amino acids may be used as the 
ubiquitination domain. Again, such fragments may be internal or 
25 C-terminal. 

The polypeptides used in the assay methods of the invention 
may contain more than one ubiquitination domain, for example from 
1 to 10 such as 2, 3, 4, or 5 domains. These domains may be 
present in tandem repeats or in both the N- and C-terminal 
regions of the polypeptide. 
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Alternatively, the ubiquitination domain may be attached to 
an indicator protein such as protein which can provide a colour 
change when the necessary substrates are added to the cell. 
Usually such attachment is by preparing a fusion protein encoded 
by nucleic acid which links sequence encoding the domain to 
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sequence encoding the indicator protein, the linkage being in- 
frame. This may be accomplished by routine cloning techniques. 
The domain may be N- or C- terminal to the indicator protein. 
Such indicator proteins include lacZ or horseradish peroxidase. 
In this embodiment of the assay the effect of the candidate 
inhibitor may be measured by adding the necessary colour change 
substrates in the presence and absence of the candidate and 
measuring the amount of colour change produced. 

Alternatively, the indicator polypeptide can be a sequence 
specific transcription activator and the assay can include a 
reporter construct which is expressed in the presence of the 
sequence specific transcription activator. Such activators 
include, for example, VP16 activator of herpes virus or the GAL4 
activator of yeast. 



Where the assay of the invention is conducted in a host cell 
and the various components of the assay are provided on 
expression vectors the expression vectors may use any suitable 
promoter capable of functioning in the host cell. We have used 
promoters from CMV although other viral or cellular promoters may 
20 be used. It is however desirable that the promoter is not 
regulated by E2F and is expressed independently of the cell 
cycle . 

Where the polypeptide used in the assay of the invention is 
an E2F protein capable of binding to a pocket protein the pocket 
25 protein is desirably pRb, pl07 or pl30. 

The assay may be conducted in the presence of a proteasome 
inhibitor such as Cbz-LLL. Where such inhibitor is added poly- 
ubiquitination of the polypeptide will occur and can be detected 
in large quantities since polypeptide-ubiquitin conjugates will 
accumulate in the cell and not be subject degradation in the 
proteasome . . 

Although it is preferred that the assay of the invention is - 
used to examine inhibitors of E2F ubiquit in-mediated degradation 
the assay is also suitable for examining promoters of such 
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degradation. The various preferred embodiments of the assay 
described above may also be used in the assay for candidate 
promoter substances . 

The nature and amount of candidate inhibitor or promoter 
substances which will "be used in the assay will depend on the 
assay format being used and the nature of the substance. These 
can be determined by routine trial and error by those of ordinary 
skill in the art. Candidate substances include peptides based 
on the C- terminal region .of E2F which may compete with native E2F 
for ubiquitin in a cell.. Where the assay of the invention is 
conducted in a host cell the amount of candidate substance used 
may depend on its ability to enter the cell. Methods and 
adjuvants for enhancing the permeability of cells are known in 
the art and may be used in assays of the present invention. 
Anywhere between sub-nanomolar to micromolar concentrations of 
candidate substances may be used, for example from 1 nM to 100 

Thus assays of the invention may be used as the basis for 
rational drug design based on peptides or mimics thereof designed 
around the sequence of the ubiquitinat ion domain or fragments 
thereof such as those described above. 

Antibodies directed against the ubiquitination domain, or 
fragments of such antibodies which retain the ability to bind 
this domain (including humanized antibodies) may be used in the 
diagnosis, prognosis or treatment of conditions in which abberant 
cell cycle control occurs or is suspected to be occur ing through 
mutations or other loss of function in the ubiquitination domain 
of E2F. Such conditions will generally be those involving 
uncontrolled cell proliferation such as cancer. 

Antibodies or fragments thereof directed against this 
domain, antibodies or fragments thereof against ubiquitin, and 
compounds which bind an E2F/DP protein heterodimer may be used 
singly or in combination in assays for or methods of treating 
uncontrolled cell proliferation. 
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In a separate aspect, the present invention provides vectors 
which encode a truncated E2F (such as E2F-1, E2F-2, E2F-3, E2F-4 
or E2F-5) which do not contain a C-terminal domain capable of 
ubiquitination. Such polypeptides include truncated E2F-1 or 
E2F-4 comprising residues 1 to about 400, for example about 3 00, 
320, 350, 375, 390-, 410 or 420. The N-terminal may also be 
truncated by a few amino acids, for example about 5, 10, 15 or 
20 amino acids. One such polypeptide is E2F-1 1-374. Another 
is E2F-4 1-301. Other truncated E2F polypeptides such as those 
mentioned above may be made and tested in accordance with the 
methods described in the accompanying Examples. Alternatively, 
the E2F may contain a C-terminal region but that region may be 
modified to prevent ubiquitination of the polypeptide in a host 
cell, for example by internal deletion of the ubiquitination 
15 domain. The invention also provides vectors which encode a 
fusion protein of an indicator polypeptide and one or more 
ubiquitination domains of E2F, such polypeptides being as 
described above . 
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These truncated and modified polypeptides will be useful in 
delivering transcription factor E2F to a cell which is resistant 
to ubiquitination. Such polypeptides may thus reduce cellular 
proliferation since they will accumulate in a cell and mediate 
transcriptional repression via their interaction with pocket 
proteins. 



Vectors encoding the various truncated and modified E2F 
polypeptides as well as other polypeptides described above may 
be made using standard cloning techniques which are well known 
in the art. The accompanying Examples describe a number of 
suitable vectors and further vectors can be made from these by 
30 routine methods. For example, truncated or modified polypeptides 
may be made by site-directed mutagenesis of nucleic acid encoding 
the unmodified proteins. PCR cloning techniques may be used to 
obtain nucleic acid encoding other transcription factors not 
specifically cited in the Examples and these techniques can also 
be used to introduce changes to the naturally occurring DNA 
sequence in order to produce truncated or modified polypeptides. 
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Generally vectors for use in the invention will be DNA 
vectors although RNA vectors may also be used. 

The invention is illustrated by the accompanying examples. 
Examples .- 

5 p107 and adenovirus El inc r ease E2F-4 and DP-i, protein 1 ~ 

To investigate the effect of pl07 expression on E2F-4 and 
DP-l protein stability, we transiently transfected C33A cervical 
carcinoma cells with HA-epitope tagged E2F-4 and DP-l expression 
vectors, both in the presence and absence of pi07. C33A cells 
10 were transfected with 0.5 fig of pRc-HA-E2F-4 , 0.5 fig of pCMV-HA- 
DP-1 and 0.5 fig pRc-HA-cat in combination with 5 fig pCMV-HA-pl07 
or 5 fig P 5Xhocc4 as indicated. 36 hours after transfection, the 
cells were lysed and cell extracts were subjected to 7.5% SDS- 
PAGE. The separated proteins were transferred to nitrocellulose 
15 and HA- tagged proteins were detected by Western analysis with mAb 
12CA5. It was found that transfection of E2F-4 and DP-l 
expression vectors under the control of the CMV promoter yields 
only low steady state protein levels. However, co-expression of 
pl07 caused a dramatic increase in both E2F-4 and DP-i protein 
20 abundance. Similarly, expression of adenovirus 5 early region 1 
(Ad5 El,, which directs expression of both E1A and E1B proteins), 
caused a significant increase in E2F-4 and DP-l protein levels. 
As an internal control, we monitored the effect of pl07 and Ad5 
El on the abundance of co-transf ected HA-tagged 36 kDa catalytic 
subunit of protein phosphatase 2A (PP2A) whose expression is 
under the control of the same CMV promoter as E2F-4 and DP-l. 
This protein was only marginally affected by expression of pl07 
and Ad5 El. The same effects on E2F abundance were seen when the 
PP2A internal control was omitted from the transfection. 
30 Importantly, E2F-4 mRNA levels measured 36-hours post 
transfection by Northern analysis were not significantly affected 
by pl07 or Ad5 El cotransf ection . Taken together, this suggests 
that pl07 and Ad5 El influence either E2F-4 and DP-l mRNA 
translation or protein stability. 
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To investigate the effect of pl07 on E2F-4 and DP-i protein 
stability, we performed a pulse chase experiment. C33A cells were 
transiently transfected with HA-tagged E2F-4 and DP-l expression 
vectors in the presence or absence of HA-tagged P i07. C33A cells 
5 were transfected with 3.0 /xg of pRc-HA-E2F-4 and l.o M g of pC MV- 
HA-DP-l in combination with 10 M g P CMV-HA-pl07 or with 10 ug 
P 5Xhocc4. Thirty six hours after transf ection , cells were pulse 
labeled for 2 hours with [^S] -methionine-cysteine mix and chased 
w lt h 10 fold excess non-radioactive methionine and cysteine for 
10 °' 2 ' 4 ' 8 and 18 hours - Cells were lysed and 

immunoprecipitations were performed with mAb 12CA5 
immunoprecipitated proteins were separated by 10% SDS-PAGE It 
was found that E2F-4 protein has a short half life in the absence 
of cotransfected pi 0 7, whereas expression of pi 0 7 significantly 
increased both E2F-4 and DP-l half life. Expression of Ad5 El 
also caused an increase in E2F-4 and DP-l half life We 
quantitated the intensities of the bands on the gel using a 
phosphorimager. The intensities of the [^s] labeled proteins 
were measured after exposure to phosphor imager plates and 
calculated in comparison to proteins present at time point zero. 
The results of this analysis indicate that free E2F-4 has a half 
life of approximately 2-3 hours, whereas pl07 and Ad5 El increase 
the half life to approximately 8 and 10-12 hours, respectively 
These data indicate that p!07 and Ad5 El-encoded proteins 
interfere with proteolysis of E2F-4 and DP-l proteins. 

Next we asked whether E2F-1 was similarly affected by 
expression of its pocket protein partner, pRb and by Ad5 El We 
transfected HA-tagged E2F-1 and DP-l expression vectors both in 
the presence of P Rb and Ad5 El expression vectors. C33A cells 
were transfected with 0.5 »g of pCMV-HA-E2F-l, 0.5 ,x g of pCMV-HA- 
DP-1 and 0.5 fig pRc-HA-cat in combination with 5 fxg pCMV-pRb or 
5 /zg P 5Xhocc4. 36 hours after transf ection, the cells lysed and 
cell extracts were subjected to 7.5% SDS-PAGE. The separated 
proteins were transferred to nitrocellulose and HA-tagged 
proteins were detected by Western analysis with mAb 12CA5 
Agaxn, expression of pRb and Ad5 El greatly increased E2F-1 and 
to a lesser extent DP-l protein levels, although with E2F-1 an 
effect of both pRb and Ad5 El was also seen on the control PP2A 
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catalytic subunit. This is most likely due to the fact that 
expression of E2F-1, but not of E2F-4, causes apoptosis, which 
is inhibited by pRb and the adenovirus 19 kDa E1B protein (White 
et al., 1992). Nevertheless, it appears that E2F-4 and E2F-1 are 
similarly affected by pocket protein expression and by Ad5 El. 

E2F is degraded bv the ubiquitin-proteasome pathway 

Many short-lived cellular proteins are targeted for 
degradation by the ubiquitin-proteasome pathway, a key step in 
this process involves the covalent attachment of multiple 
ubiquitin polypeptide chains to the substrate, which targets the 
substrate for rapid degradation by the proteasome . These 
ubiquitin- substrate conjugates are highly unstable and can often 
only be visualized by treatment of cells with proteasome 
inhibitors. 



To ask whether the proteasome is involved in the degradation 
of E2F in vivo, we transfected cells with E2F-1 and DP-1 
expression vectors. U2-OS cells were transfected with 5 . 0 fig of 
pMT123 (expressing HA-tagged ubiquitin protein), 5.0 /xg pRc-E2F-l 
and 3.0 /xg pRc-DP-1 in different combinations. After twenty four 
20 hours, transfected cells were incubated overnight with 10 /iM 
carboxybenzyl - leucyl - leucyl - leucinal (Cbz-LLL) , a potent and 
specific inhibitor of proteasomes (Rock et al . , 1994; Wiertz et 
al., 1996) . E2F protein levels were measured by Western blotting 
with mAb KH95 to detect E2F-1 protein. Incubation of E2F-1- 
transfected cells with Cbz-LLL caused a dramatic increase in E2F- 
1 protein levels compared to untreated controls. In addition, 
several higher molecular weight bands were visible in the cells 
treated with inhibitor, which most likely represent ubiquitin- 
conjugated forms of E2F-1. To verify this, we transfected cells 
as above with E2F-1 expression vector (non tagged) and an HA- 
tagged ubiquitin expression vector. After two days, cell lysates 
were, immunoprecipitated with the anti E2F-1 monoclonal antibody 
KH95 and Western blotted with 12CA5 antibody to detect ubiquitin 
conjugates. A smear of E2F-ubiquitin conjugates ranging from 70 
kDa to several hundred kDa was observed when E2F-1 and HA-tagged 
ubiquitin were cotransf ected and transfected cells were treated 
with proteasome inhibitor. No E2F-ubiquitin conjugates were seen 
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when proteasome inhibitor was omitted or when E2F-1 and HA- tagged 
ubiquitin vectors were transfected separately. Together, these 
data suggest strongly that free E2F can be poly-ubiquitinated in 
vivo and that E2P-1 is degraded by the proteasome. 

Further experiments were conducted in which the plasmid pRc- 
E2F-1 was replaced by the same amount of pRc-E2F-4 . These also 
~ showed that transfected cells treated with Cbz-LLL caused an 
increase in E2F-4 protein levels. 

— carboxyl- terminal epi t ope renders E2F unst-ahlp 

To ask whether specific sequences in E2F-1 are responsible 
for its instability, we used two carboxyl -terminal deletion 
mutants of E2F-1. These mutants were tested for protein 
expression levels in transient transfection assays. C33A cells 
were transfected with 0 . 5 /xg pRc-E2F-l, 0 . 5 ^g pCMV-E2F-l (aa. 
15 1-284) or 0.5 M g pCMV-E2F-l (aa. 1-374) in combination with 0.5 
/ig pRc-HA-cat. 36 hours after transfection, cell extracts were 
prepared and separated by 7.5% SDS-PAGE. Proteins were 
transferred to nitrocellulose and subjected to Western blot 
analysis either by using mAb KH20, directed against the amino 
terminus of E2F-1, or by using 12CA5 recognizing the HA-tagged 
PP2A catalytic subunit . Both E2F-1 (1-284) and E2F-1 (1-374) 
J>ere expressed at significantly increased levels as compared to 
wild type E2F-1 (1-437) expressed in the same vector, whereas the 
expression of co- transfected HA-tagged PP2A catalytic subunit was 
not affected by either of the E2F constructs. In this experiment, 
the mRNA levels of wild type and mutant E2Fs were also 
equivalent . We conclude therefore that an epitope in the 
carboxyl -terminal 63 amino acids of E2F-1 renders the protein 
susceptible to rapid degradation. 

Since the pRb binding site on E2F-1 overlaps with the 
degradation signal in the carboxyl terminus of E2F-1, we tested 
whether the carboxyl- terminal deletion mutants of E2F-1 could 
still be stabilized by pRb. C33A cells were transfected with 2 . 0 
TO PRC-E2F-1 (aa. 1-284), 2.0 ^ pCMV-E2F-l (aa. 1-374) and 2.0 
35 fxg pRc-DP-1 in combination with 10 fig pCMV-pRb. 36 hours post 
transfection, cell extracts were prepared and proteins were 
separated by 10% SDS-PAGE, transferred to nitrocellulose and 
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subjected to Western blot analysis using mAb KH20 directed 
against an epitope in the amino terminus of E2F-1. We found that 
E2F-1 (1-284) and E2F-1 (1-374) protein abundance was not 
affected by co-expression of pRb. 

Identically transfected cells were scraped in PBS 36 hours 
after transfection and total RNA was isolated, separated on an 
agarose gel and transferred to nitrocellulose. Northern blot 
analysis was performed using a full length E2F-1 cDNA probe. 
This showed that the mRNAs for these mutant E2Fs was also not 
affected by pRb expression (Fig. 6B) . Together, these data 
suggest that pRb stabilizes E2F by shielding the epitope on E2F 
that is recognized by the proteolytic machinery. 

Stabilization of E2F-4 corr elates with pocket protein binding 

To ask whether stabilization of E2F-4 was correlated with 
pocket protein binding, we transfected E2F-4 with either wild- 
type or mutant pl07 expression vectors. E2F-4 protein levels 
were monitored by Western blot analysis. C33A cells were 
transfected with E2F-4 and DP-1 expression vectors in the 
presence or absence of wild-type or mutant HA-tagged pi07 
expression vectors. Protein extracts from transfected cells, 
normalized for mRNA levels, were separated on a 7.5% 
polyacrylamide gel and E2F-4 protein and the expression level of 
wild- type and mutant pl07 proteins were detected with 12CA5 
antibody. Cotransf ect ion of E2F-4 with wild-type pl07, pl07- 
25 N385, or pl07-A27, all of which can bind E2F-4 (Zhu et al. 
1995a) , was found to cause E2F-4 to accumulate at higher levels. 
In contrast, pl07-A28, which does not bind E2F-4 (Zhu et al . 
1995a) , failed to increase E2F-4 protein abundance even though 
this mutant was expressed at the same level as the other pl07 
30 mutants . 

The complex between E2F-4 and pl07 is disrupted by 
phosphorylation of pl07 by cyclin Dl/cdk4, but not by cyclin 
A/cdk2 or cyclin E/cdk2 (Beijersbergen et al . 1995). We 
therefore asked whether expression of these cyclin/cdks would 
35 affect the ability of pl07 to stabilize E2F-4 . C33A cells were 
transfected with HA-E2F-4/HA-DP-1 in the presence of HA-pl07, 
together with various cyclin/cdk combinations. Transfected E2F- 
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4, DP-l, and pl07 proteins were detected in a Western blot with 
12CA5 anti-body. It was found that expression of cyclin Dl/cdk4 
prevents the pl07-mediated increase in E2F-4 abundance. In 
contrast, both cyclin E/cdk2 and cyclin A/cdk2 expression failed 
to interfere with pl07 stabilization of E2F-4 . 

In quiescent cells the major E2F-4 pocket protein complex 
is E2F-4-pl30 (Cobrinik et al. 1993 ; Vairo et al . 1995). We 
therefore asked whether pl30 shared with pl07 the ability to 
stabilize E2F-4 protein. C33A cells were transfected with HA- 
E2F-4/DP-1 in the presence of pl07 or pl30 together with cyclin 
Dl/cdk4 or cdk4 - dominant negative. E2F-4 was detected in a 
Western blot with 12CA5 antibody. 

Expression of pl30 caused a similiar increase in E2F-4 
protein levels as p!07. Furthermore, phosphorylation of both 
pocket proteins by cyclin Dl/cdk4 abolished pocket protein- 
mediated stabilization of E2F-4 , whereas expression of cdk4 
dominate-negative was without effect. Taken together, these data 
strongly support the notion that E2F-4 is stabilized as a result 
of direct binding to a pocket protein partner. 

A carboxv- terminal epitope renders E2F-4 unstable 

The data shown above indicate that E2F-4 is unstable and 
that binding of pocket proteins to the carboxyl terminus of E2F-4 
causes an increase in E2F-4 half -life. We therefore asked 
whether a carboxy- terminal deletion mutant of E2F-4, AE2F-4 
encoding amino acids 1-301 of E2F-4 and lacking the pl07 
interaction surface, differed from wild- type E2F-4 in stability. 
C33A cells were transfected with E2F-4/DP-1 or AE2F-4/DP-1 
(expressing amino acids 1-301 of E2F-4) expression vectors in the 
presence or absence of pl07. Protein extracts of transfected 
cells were normalized for mRNA content. E2F-4 protein was 
detected in a Western blot with C-108 antibody. Northern blot 
of RNA from transiently transfected cells probed with E2F-4 cDNA 
after normalization for equal amounts of E2F-4 and AE2F-4 mRNA 
(see Materials and Methods) . E2F-4 and AE2F-4 were immuno- 
precipitated with 12CA5 antibody. After normalization for mRNA 
levels in transfected cells, AE2F-4 was expressed at a 
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substantially higher level as compared with wild-type E2F-4 
Pulse-chase experiments using both wild-type E2F-4 and AE2F-4 
were also conducted. Cells were pulse- labeled with [ 35 s] 
methionine- cysteine mix and chased with excess cold amino acids. 
5 The experiments revealed that the difference in protein 
accumulation was caused by a significantly prolonged half-life 
of the AE2F-4 protein as compared with the wild- type E2F-4 
protein (2 hr vs. 18 hr) . Thus, the carboxy- terminal 112 amino 
acids of E2F-4 harbors an epitope that renders the protein 

10 unstable. Significantly, expression of pl07 caused an increase 
in wild- type E2F-4 abundance, but did not affect protein levels 
of AE2F-4. As an additional control for specificity, we showed 
that the abundance of p27, a labile nuclear protein that does not 
interact with pl07 (Polyak et al . 1994 ; Toyoshima and Hunter 

15 1994), was also affected by pl07. Taken together, these data 
support the notion that binding of E2F-4 to pl07 causes the 
protein to be stable and that p!07 does not influence protein 
stability non-specif ically . 

The carboxyl terminus of E2F-4 renders a veast transcrip tion 
20 factor unstable 

Human U2-OS osteosarcoma cells were transfected with 
expression vectors that direct the synthesis of the DNA binding 
domain of yeast GAL4 (amino acids 1-14 7) fused to the carboxyl. 
terminus of human E2F-4 (amino acids 276-413) or yeast GAL4 (l- 
147) or were co- transf ected with GAL4-E2F-4 chimeric vector and 
p!07 expression vector. Two days after transf ection," lysates 
were prepared from transfected cells and the abundance of the 
GAL4 proteins was detected in a Western blot using a monoclonal 
antibody to the DNA binding domain of GAL4 . In the absence of 
pl07, the amount of GAL4-E2F-4 (276-413) fusion protein observed 
was less than GAL4 alone. Go- transf ection of the GAL4-E2F-4 
vector and pl07 restored levels of the GAL4-E2F fusion to those 
of GAL4 alone. Since in all three transf ections equal amounts 
of GAL4 mRNA were detected, we conclude that the reduced 
abundance of the GAL4-E2F-4 fusion protein as compared to the 
parental GAL4 (1-147) protein is the result of reduced protein 
stability of the GAL4-E2F-4 protein. 
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E2F-4 is unstable in veast 

We have found that yeast (S . cerevisiae) has the ability to 
degrade E2F through ubiqui t ination . Our recent data indicate 
that wild type E2F is unstable in yeast whereas a C-terminally 
truncated E2F-4 is more stable. Yeast strain Y190 was 
transformed with yeast expression vectors (pPC97) that direct the 
synthesis of either wild type E2F-4 or the C-terminally truncated 
E2F-4 encoding amino acids 1-301 of E2F-4 . Protein lysates were 
made from two duplicate exponentially growing yeast cultures and 
analyzed for E2F protein levels by Western blot analysis using 
anti E2F-4 monoclonal antibody. Equal amounts of wild type or 
mutant E2F-4 mRNA were expressed by the yeast cultures, but at 
the protein level amounts of the AE2F-4 were several-fold higher, 
indicating that the truncation renders the protein more stable. 

15 Discussion 

We show here that both the E2F and DP components of E2F 
transcription factors are unstable. Two lines of evidence 
indicate that E2F is a substrate of the ubiquitin-proteasome 
system of targeted proteolysis. First, incubation of cells with 
20 a specific inhibitor of the proteasome leads to a significant 
accumulation of E2F protein. Furthermore we show that in cells 
treated with proteasome inhibitor, significant amounts of E2F- 
poly-ubiquitin conjugates accumulate. Poly-ubiquitination is 
known to act as a sorting signal which targets proteins for rapid 
25 degradation by the proteasome (Chau et al . , 1989) . We have mapped 
the domain that renders E2F-1 unstable to the carboxyl terminal 
63 residues, which is in close proximity to the pRb binding site 
of E2F-1 (Helin et al., 1992; Kaelin et al., 1992), Our data 
indicate that binding of pRb or P 107 to E2F/DP heterodimers 
protects both polypeptides from degradation. Our data suggest a 
model in which pocket proteins inhibit E2F degradation by 
shielding the carboxyl -terminal epitope on E2F that is recognized 
by the ubiqu it ination machinery. Consistent with this, we found 
that carboxyl -terminal deletion mutants of E2F could not be 
stabilized further by pocket protein expression. Surprisingly, 
we found that adenovirus El proteins also cause a stabilization 
of E2F and DP proteins. This was unexpected because E1A is known 
to disrupt E2F-pocket protein complexes, and should therefore 
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generate free, but unstable, E2F. We propose that the 
stabilization of E2Fs by Ad5 El serves to enhance S phase entry 
of adenovirus infected cells: By preventing the degradation of 
E2F released from pocket protein complexes, El A causes a further 
5 increase in free E2F transcription factors, which in turn 
facilitate S phase entry of adenovirus-inf ected cells. 

How E1A mediates stabilization of free E2F is at present not 
clear. We have recently shown that E1A can interact with a member 
of the family of ubiquitin conjugating enzymes, named mUBC9, thus 
10 providing a possible link between adenovirus transforming 
proteins and the ubiquit in-proteasome pathway (Hateboer et al , 
1996) . This protein is highly related to a S. cerevisiae protein 
UBC9, whose inactivation causes an arrest in the S and G2 phases 
of the cell cycle (Seufert et al . , 1995). Importantly, the E1A- 
interacting mUBC9 complements the yeast cell cycle defect, 
indicating that mUBC9 can contribute to yeast cell cycle 
regulation (Hateboer et al . , 1996). Whether UBC9 plays a role in 
targeted proteolysis of E2Fs remains to be investigated. 
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E2F-pocket protein complexes are thought to play an active 
role in maintaining quiescence by acting as dominant repressors 
of transcription (Weintraub et al . , 1995; Weintraub et al . , 
1992). As such, E2F-pocket protein complexes may prevent 
expression of genes that are activated by mitogenic signals. In 
most types of resting cells, the main E2F that is expressed is 
25 E2F-4 which is bound to pl30 during quiescence (Cobrinik et al., 
1993; Sardet et al . , 1995; Vairo et al., 1995) The observed 
stability to E2F-4-pocket protein complexes may be required to 
maintain active transcriptional repression in quiescent cells 
that have low de novo synthesis of E2F polypeptides. Cell cycle 
entry is accompanied by an increase in E2F transcription and an 
increase in free E2F transcription factor (Sardet et al., 1995). 
The rapid turn over of free E2F may prevent accumulation of 
excess free E2F, which is known to induce apoptosis (Qin et al . , 
1994; Wu and Levine, 1994). That the cell has devised other 
mechanisms to limit the activity of E2F was recently shown by 
Krek et al . Cyclin A can directly interact with E2F-1, which 
mediates down -regulation of E2F DNA binding activity during S 
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phase (Krek, 1994). Mutants of E2F-1 that are resistant to down- 
regulation by cyclin A induce apoptosis, probably by hyper- 
stimulation of E2F-1 responsive genes (Krek et al . , 1995). Our 
present data uncover another level of regulation of E2F 
5 transcription factors. By active degradation of free E2F, but not 
pocket protein bound E2F , ~ the cell inhibits degradation of E2F 
pocket protein complexes in quiescent cells and prevents 
accumulation of high levels of free E2F in proliferating cells. 

Experimental procedures 

10 Plasmids 

pCMV-HA-E2F- 1 , pRc-E2F-l, pCMV-HA-DP- 1 , pCMV-E2F-l (1-284) 
and pCMV-E2F-l (1-374) were generous gifts of K. Helin. Mutant 
pl07 expression vectors were provided by L. Zhu (Massachusetts 
General Hospital Cancer Center, Charlestown) . pRc-HA-E2F-4 and 
P 5Xhocc4, expressing the entire early region 1 (El) of adenovirus 
type 5 have both been described previously (Bei jersbergen et al., 
1995) (Bernards et al . , 1982). PAE2F-4 , expressing amino acids 
1-310 of E2F-4, was made by PCR and Cloned in pRc-CMV, downstream 
of an HA epitope. pMT123, expressing an HA- tagged ubiquitin 
protein was kindly provided by D. Bohmann (Treier et al . , 1994). 
pRc-DP-1 and pRc-HA-cat were gifts from M. Voorhoeve . pCMV-HA- 
P107 and pCMV-pRb have been described previously (Bei j ersbergen 
et al . , 1995; Bei j ersbergen et al . , 1994). 
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Cell culture, transfect ions, label -inn and pulse^ chase p-vperiments 
Human osteosarcoma U2-OS cells and human cervical carcinoma 
C33A cells were maintained in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal calf serum (FCS) . 
Transfections were performed overnight using the calcium 
phosphate method. After this, cells were re- fed with normal 
medium and 36 hours post -transfect ion, cells were either lysed 
directly in SDS-containing sample buffer to obtain whole cell 
lysates, or lysed in RIPA + (RIPA buffer supplemented with 
cocktail of protease inhibitors. Complete,: Boehringer Mannheim) 
and subjected to immunoprecipitations . For pulse labeling and 
chase experiments in the presence or absence of pocket proteins 
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or adenovirus El, cells were starved for 1 hour in 
methionine/cysteine free medium and subsequently incubated with 
100 ^Ci of [ 35 S] methionine/cysteine per 100 mm dish for 2 hours . ' 
Then, cells were lysed in RIPA + on ice for 30 minutes or 
5 incubated with normal medium supplemented with a 10 -fold excess 
of non- radioactive methionine and cysteine for the indicated 
periods of time and lysed in RIPA + thereafter. Equal amounts of 
radioactive lysates were incubated at 4°C for 30 minutes with 5 
Ail non-immune serum for preclearing. Subsequently, lysates were 
10 incubated for 2 hours at room temperature with specific 
antibodies, pre-complexed on protein A-sepharose beads. 
Immunoprecipitates were washed four times in RIPA, heated in SDS 
containing sample buffer and loaded on a SDS-7.5% polyacrylamide 
gel . 

15 Northern blotting 

Total RNA was isolated from transiently transfected cells 
36 hours post - transfect ion using the NP-40 lysis method. Equal 
amounts of RNA were separated on a 1% formaldehyde -agarose gel. 
After electrophoresis, RNA was transferred to a nitrocellulose 
filter and hybridized with a full length E2F-1 and E2F-4 cDNA 
probes. Equal loading of the gel was checked by ethidium bromide 
staining. 

Immunoblotting 

For the abundance of E2F wild type and E2F mutant proteins 
in the presence or absence of pocket proteins and adenovirus El, 
whole cell lysates (10% of a transiently transfected 100 mm dish) 
were separated on SDS-10% or SDS-7.5% polyacrylamide gels, as 
indicated. Non- radioactive E2F immunoprecipitates, collected by 
protein A-sepharose beads, were separated on a SDS-10% 
30 polyacrylamide gel : Proteins were transferred from gels to 
nitrocellulose filters by electrophoresis. Filters were blocked 
in PBS supplemented with 0.1% Tween-20 and 5% non-fat milk 
(Protifar, Nutricia) (TPBS, 5%) for 2 hours at room temperature. 
Subsequently, filters were either incubated with 12CA5 hybridoma 
supernatant (directed against the HA-tag) in a dilution of 1:20, 
or with KH95 hybridoma supernatant (directed against the carboxyl 
terminus of E2F-1) in a dilution of 1:10,000, or with KH20 
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monoclonal antibody (directed against the amino terminus of E2F- 
1) in a dilution of 1:500 for 3 hours in TPBS, 2% at room 
temperature and incubated with secondary antibody for 3 0 minutes 
at room temperature in TPBS, 2%. Filters were washed three times 
5 in TPBS and visualization was performed by enhanced 
chemi luminescence .(Amersham) . 

E2F-1 ubiguitination 

U2-OS cells were transiently transfected with 5 fig pMT123 
(HA-tagged ubiguitin) , 5 fig pRc-E2F-l and 5 /zg pRc-DP-1 in 
10 different combinations. The total amount of transfected DNA per 
dish was adjusted up to 17 fig with empty vector (pRc/CMV) . 24 
hours post-transfection, cells were incubated overnight with the 
proteasome inhibitor Cbz-LLL in a final concentration of 10 M M 
in DMEM/10% FCS or re-fed with normal medium. Then, cells were 
15 lysed in RIPA + for 30 minutes on ice. Immunoprecipitations were 
performed with 2 fil KH95 monoclonal antibody (Santa Cruz) pre- 
complexed on 2 0 fil protein A-sepharose beads for 2 hours at 4°C. 
Beads were washed four times in RIPA, heated in SDS containing 
sample buffer and separated on a SDS-10% polyacrylamide gel. 
Transfer to nitrocellulose was performed overnight and the filter 
was incubated with 12CA5 hybridoma supernatant directed against 
HA-tagged ubiguitin. To detect E2F-ubiqui t in conjugates, U2-OS 
cells were transiently transfected with 5 fig pRc-E2F-l and 5 fig 
pRc -DP- 1, adjusted to 17 fig with pRc/CMV or with 17 fig empty 
25 vector. 24 hours post-transfection, cells were incubated 
overnight with medium containing 10 fiM Cbz-LLL or re-fed with 
normal medium. Subsequently, cells were lysed directly in SDS 
containing sample buffer, and the lysates were separated over a 
SDS-10% polyacrylamide gel and immunoblotted with KH95 against 
30 E2F-1 protein. 
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SEQUENCE LISTING 

SEO. ID No. 1 & 2 

CODING SEQUENCE OF E2F] (HUMAN) (DNA and translation) 



136/1 166/11 

ATG 6CC TTG GCC GGG GCC CC1 GCG GGC GGC CCA TGC GCG CCG GCG CTG GAG GCC CTG CTC 
MALAGAPAGGPCAPAL E A |_ L 
MX '. 226/31 

GGG GCC GGC GCG CTG CGG CTG CTC GAC TCC TCG CAG ATC GTC ATC ATC TCC GCC GCG CAG 
. G A G A L R L L D S S Q I V I I S A A Q 
256/41 286/51 

GAC GCC AGC GCC CCG CCG GCT CCC ACC GGC CCC GCG GCG CCC GCC GCC GGC CCC TGC GAC 
0 A S A p p A P J G P A A P A A G P C D 
316/61 346/71 

CCT GAC CTG CTG CTC TTC GCC ACA CCG CAG GCG CCC CGG CCC ACA CCC AGT GCG CCG CGG 

PDLLLF AT PQ A PRPTPSAPR 
376/81 406/91 

CCC GCG CTC GGC CGC CCG CCG GTG AAG CGG AGG CTG GAC CTG GAA ACT GAC CAT CAG TAC 

P A L G R P P V K R R L D E E T D H Q Y 
436/101 466/11] 

CTG GCC GAG AGC AGT GGG CCA GCT CGG GGC AGA GGC CGC CAT CCA GGA AAA GGT GTG AAA 
1 AE SS G PA RGRGRHPGK GV K 
496/1 21 526/131 

TCC CCG GGG GAG AAG TCA CGC TAT GAG ACC TCA CTG AAT CTG ACC ACC AAG CGC TTC CTG 

S P G E K S R Y £ T S L N L T T K R F L 
556/141 . 586/151 

GAG CTG CTG AGC CAC TCG GCT GAC GGT GTC GTC GAC CTG AAC TGG GCT GCC GAG GTG CTG 

ELL SHSADGVVDLNW .AAEVL 
616/161 646/171 

AAG GTG CAG AAG CGG CGC ATC TAT GAC ATC ACC AAC GTC CTT GAG GGC ATC CAG CTC ATT 

KV QK R RIYDITNVLEG10LI 
676/181 706/191 

GCC AAG AAG TCC AAG AAC CAC ATC CAG TGG CTG GGC AGC CAC ACC ACA GTG GGC GTC GGC 

AKKSKN "JQWLGSHTTVGVG 
736/201 766/211 

GGA CGG CTT GAG GGG TTG ACC CAG GAC CTC CGA CAG CTG CAG GAG AGC GAG CAG CAG CTG 
G R L E G L T Q D L R Q I. Q E S E Q Q L 
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796/221 • 826/231 

GAC CAC CTG ATG AAT ATC TGT ACT ACG CAG CTG CGC CTG CTC TCC GAG GAC ACT GAC AGC 

dhlmnicitqlrllsed'tds 

856/24] 886/251 

CAG CGC CTG GCC TAC GTG ACG TGT CAG GAC CTF CGT AGC ATT GCA GAC CCT GCA GAG CAG 
0 R L A Y V 1 C Q D L R S I A D P A E Q 
916/261 946/27] 

ATG GIT ATG GTG ATC AAA GCC CCT CCT GAG ACC CAG CTC CAA GCC GTG GAC TCT TCG GAG 
M V M V IKA.P PE TQlQ AVDSS F. 
976/281 • 1006/291 

AAC TTT CAG ATC TCC CTT AAG AGC AAA CAA GGC CCG ATC GAT GTT TTC CTG TGC CCT GAG 
N T 0 I Sl K SKQ GP I D V F L C P E 
1036/301 1066/311 

GAG ACC GTA GGT GGG ATC AGC CCT GGG AAG ACC CCA TCC CAG GAG GTC ACT TCT GAG GAG 
E T V G G I S P G K T P S 0 E V T S E E 
1096/321 1126/331 

GAG AAC AGG GCC ACT GAC TCT GCC ACC ATA GTG TCA CCA CCA CCA TCA TCT CCC CCC TCA 
t N R A 1 D S ATI V S P P P S S P P S 
1156/341 1186/351 

TCC CTC ACC ACA GAT CCC AGC CAG TCT CTA CTC AGC CTG GAG CAA GAA CCG CTG TTG TCC 
S L T T DPS QSL l S L E QE PL L S 
1216/361 1246/371 

CGG ATG GGC AGC CTG CGG GCT CCC GTG GAC GAG GAC CGC CTG TCC CCG CTG GTG GCG GCC 
R M G S L R A P V D E D R L S P L V A A 
1276/381 1306/391 

GAC TCG CTC CTG GAG CAT GTG CGG GAG GAC TTC TCC GGC CTC CTC CCT GAG GAG TTC ATC 
D S L L E HV R E D P S GL L P E E F I 
1336/401 1366/411 

AGC CTT TCC CCA CCC CAC GAG GCC CTC GAC TAC CAC TTC GGC CTC GAG GAG GGC GAG GGC 

SLSPPHEA LDYHFG LEEGEG 
1396/421 1426/431 

ATC AGA GAC CTC TTC GAC TGT GAC TTT GGG GAC CTC ACC CCC CTG GAT TTC TGA 
1 RDL FOCDFGDL TPLDF* 
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SEQ, ID No. 3 & 4 

CODING SEQUENCE OF E2F4 (HUMAN) (DNA and translation) 

10 30 50 

CAGTCGACCCCGGGGCXK3CGQGCGCGATGGCGGAGGCCGGGCCACAGGCGCCGCCGCCCC 

MAEAGPQAPPpp 



70 90 110 

CGGGGACTCCAAGCCGGCACGAAAAGAGCCTGGGACTGCTCACCACCAAGT' 

GTPSRH EKSLGLLTTKFVS 
130 150 17Q 



TCGTGTCCC 
L 



TTCTGCAGGAGGCCAAGGACGGCGTGCTTGACCTCAAGCTGGCAGCTGACACCCTAGCTG 
LQEAKDGVLDLK LA ADTLAV 
190 210 230 , 

TACGCCAGAAGCGGCGGATTTACGACATTACCAATGTTTTGGAAGGTATCGGGCTAATCG 
RQKRRIY DITNVL, E GIGLIE 
250 270 290 

AGAAAAAGTCCAAGAACAGCATCCAGTGGAAGGGTGTGGGGCCTGGCTGCAATACCCGGG 
KKSKNS IQWKGVGPG CNTRE 
310 330 3 5 o 

AGATTG CTG AC AAACTG ATTG AG CT CAAGG CAGAG ATCG AGG AG CTG C AG C AG CG GG AGC 

lAD KLIELKAEIEELQQREo 
370 390 410 

AAGAACTAGACCAGCACAAGGTGTGGGTGCAGCAGAGCATCCGGAACGTCACAGAGGACG 
ELD QH KVWVQQ S IR NVTEDV 
430 450 470 

TGCAGAACAGCTGTTTGGCCTACGTCACTCATGAGGACATCTGCAGATGCTTTGCTGGAG 
Q N S CLAYVTH E D I CR CFAG D 
490 510 530 

ATACCCTCTTGGCCATCCGGGCCCCATCAGGCACCAGCCTGGAGGTGCCCATCCCAGAGG 
TLL AIRAPSGTSLEVPI PEG 
550 57o 590 

GTCTCAATGGGCAGAAGAAGTACCAGATTCACCTGAAGAGTGTGAGTGGTCCCATTGAGG 
LNGQKKYQIHLKSVSGPIE V 
610 630 650 

TTCTGCTGGTGAACAAGGAGGCATGGAGCTCACCCCCTGTGGCTGTGCCTGTGCCACCAC 
LLVN KEAWSSPPVAVPVPPp 
670 690 710 

CTGAAGATTTGCTCCAGAGCCCATCTGCTGTTTCTACACCTCCACCTCTGCCCAAGCCTG 
EDLLOSPSAVSTPPPLp KPA 
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730 750 770 

CCCTAGCCCAGTCCCAGGAAGCCTCACGTCCAAATAGTCCTCAGCTCACTCCCACTGCTG 
LAQSQEASR PNSPQLTPTA. V 
790 810 830 

TCCCTGGCAGTGCAGAAGTCCAGGGAATGGCTGGCCCAG CAGCTGAGATCACAGTGAGTG 
PGSAEVQGMAG P AAE ITVS G 
850 870 ego 

GCGGCCCTGGGACTGATAGCAAGGACAGTGGTGAGCTCAGTTCACTCCCACTGGGCCCAA 

.GPGTOSKDSGE-LSSLPLGPT 
910 930 950 

CAACACTGGACACCCGGGCACTGCAGTCTTCTGCCCTGCTGGACAGCAGCAGCAGCAGCA 
TLDTRPLQSSALLDSSSSSS 
970 990 1010 

GCAGCAGCAGCAGCAGCAGCAGCAACAGTAACAGCAGCAGTTCGTCCGGACCCAACCCTT 
SSSSSSS.NSN'S;SSSSGPNPS 
1030 1050 1070 

CTACCTCCTTTGAGCCCATCAAGGCAGACCCCACAGGTGTTTTGGAACTCCCCAAAGAGC 
TSFEPI K ADPTGVL ELPKEL 
1090 1110 H30 

TGTCAGAAATCTTTGATCCCACACGAGAGTGCATGAGCTCGGAGCTGCTGGAGGAGTTGA 
SEIFD PTRECM SSELLEELM 
1150 1170 H90 

TGTCCTCAGAAGTGTTTGCCCCTCTGCTTCGTCTTTCTCCACCCCCGGGAGACCACGATT 
S S EVFAPLLR LS PPPGDHDY 
1210 1230 1250 

ATATCTACAACCTGGACGAGAGTGAAGGTGTCTGTGACCTCTTTGATGTGCCTGTTCTCA 
I Y N L D E S E G V C D L F D V P V L N 
1270 1290 1310 

ACCTCTGACTGACAGGGACATGCCCTGTGTGGCTGGGACCCAGACTGTCTGACCTGGGGG 
L * 

1330 1350 1370 

TTGCCTGGGGACCTCTCCCACCCGACCCCTACAGAGCTTGAGAGCCACAGACGCCTGGCT 

1390 1410 1430 

TCTCCGGNATTNCCTTACCGCACAGTTCTGGCCACACGTCCCGCTCCTGTGCTGGCACTT 



1450 1470 
CTGTGCTCGCAGAGCAGGGGAACAGGACTCAGCCCCCATCACCGTGGAG 
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CLAIMS 

1. An assay method for an inhibitor of transcription 
factor E2F ubiquit in-mediated degradation which method 
comprises : 

a) bringing polypeptide which contains a domain 
which renders E2F a substrate for ubiquitinat ion into 
contact with a candidate inhibitor; and 

b) determining whether or not the candidate 
inhibitor is capable of reducing ubiquintinat ion of 
said polypeptide. 

2. An assay according to claim 1 wherein the polypeptide 
is a fusion protein which comprises an indicator 
polypeptide . 

3. An assay according to claim 2 wherein the indicator 
polypeptide is LacZ. 

4. An assay according to claim 1 wherein the polypeptide 
is an E2F protein or fragment thereof which is capable of 
binding to a pocket protein. 



ms 



5 . An assay according to any one of the preceding clai 

wherein the domain which renders E2F a substrate for 
ubiquitination comprises the 63 amino acid C-terminal 
region of E2F-1. 

6 - An assay according to any one of the preceding claims 
wherein the polypeptide is expressed in a host cell from a 
recombinant expression vector. 

7. An assay according to claim 6 wherein the expression 
vector comprises a CMV promoter operably linked to a 
sequence encoding the polypeptide. 

8. An assay according to claim 6 or 7 wherein a DP-l 
polypeptide is co- expressed in the host cell. 
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9 . An assay according to any one of the preceding claims 
wherein the assay is conducted in the presence of a 
proteasome inhibitor. 

10. An assay according to any one of the preceding claims 
wherein the determining of whether or not the candidate 
inhibitor is capable of reducing ubiquint ination of said 
polypeptide is performed by providing ubiquitin and 
determining the amount of said ubiquitin which has been 
bound to said polypeptide. 

11. An assay according to claim 10 wherein the assay is 
performed in a host cell which contains an expression 
vector capable of expressing ubiquitin. 

12. An assay according to claim 11 wherein the ubiquitin 
is tagged with an HA epitope capable of binding to a 
monoclonal antibody . 

13. A vector which comprises a nucleotide sequence 
encoding a truncated E2F polypeptide wherein said truncated 
polypeptide does not contain a C-terminal domain capable of 
ubiquitination . 

14. A vector according to: claim 13 wherein said 
polypeptide is E2F-1 1-374. 

15. An assay method for an ; enhancer of transcription 
factor E2F ubiquitin-mediated degradation which method 
comprises: 

a) bringing polypeptide which contains a domain 
which renders E2F a substrate for ubiquitination into 
contact with a candidate enhancer; and 

b) determining whether or not the candidate enhancer 
is capable of enhancing ubiquintination of said 
polypeptide . 
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16. An assay according to claim 15 wherein the polypeptide 
is an E2F protein or fragment thereof which is capable of 
bmdxng to a pocket protein. 
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